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Abstract This study mathematically presents a counter-flow non-premixed thermo-chemical 
technique for preparing a particle oxide used for cancer diagnosis and treatment. For this purpose, 
preheating, reaction, melting, and oxidation processes were simulated considering an asymptotic 
concept. Mass and energy conservation equations in dimensional and non-dimensional forms were 
solved using Matlab®. To preserve the continuity in the system and calculate the locations of 
melting and flame fronts, promising jump conditions were derived. In this research, variations of 
flame temperature, flame front location and mass fractions of the particle, particle oxide and 
oxidizer, with position, Lewis number and initial temperature of the particles were investigated. 
The simulation results compared with those obtained from an earlier experimental study under the 
same conditions. Regarding the comparison, an appropriate compatibility was observed between 
the results. Based on the simulation results, flame temperature was found to be about 1310 K. 
Positions of flame and melting fronts were found to be -1.8 mm and -1.78 mm, respectively. 
Keywords: Biomedical applications; Cancer diagnosis and treatment; Particle oxide; Non-
premixed mode; Numerical simulation; Counter-flow design. 
 
Nomenclature 
a Strain rate (
1
a
) 
C Mixture specific heat capacity (
kJ
kg.K
) 
𝐶𝑎 Heat capacity of the gas (
kJ
kg.K
) 
𝐶𝑝 Heat capacity of particle (
kJ
kg.K
) 
𝐷𝐶  Damkohler number 
𝐷𝐹 Diffusion coefficient of particle (
m2
s
) 
𝐷𝑚 Diffusion coefficient of particle oxide in liquid phase (
m2
s
) 
𝐷𝑂 Diffusion coefficient of oxidizer (
m2
s
) 
𝐷𝑇 Thermal diffusion coefficient (
m2
s
) 
E Overall activation energy (kJ) 
erf(x) Error function 
H Heaviside function 
Le Lewis number 
m Mixture molecular mass (
kg
mol
) 
𝑚𝐹 Fuel molecular mass (
kg
mol
) 
𝑚𝑂 Oxidizer molecular mass (
kg
mol
) 
𝑛𝑝 Local number density of particles (number of particles per unit volume) 
𝒬 Heat of reaction (
kJ
kg
) 
𝑄𝑚𝑒𝑙𝑡 Latent heat of melting (
kJ
kg
) 
𝓆𝑚𝑒𝑙𝑡 Ratio of latent heat of melting to the heat released from reaction 
R 
𝑟𝑝 
The universal gas constant (
m3Pa
mol.K
) 
Particle radius (𝜇𝑚) 
T Temperature (K) 
𝑇𝑎 Activation temperature (K) 
𝑇𝑎𝑑 Adiabatic temperature (K) 
𝑇𝑓 Flame temperature (K) 
𝑇𝑖𝑔 Ignition temperature of particles (K) 
𝑇𝑚𝑒𝑙𝑡 Melting temperature of particle oxide (K) 
𝑇∞ Ambient temperature (K) 
𝒲𝐹 Molecular weight of particle (
kg
kmol
) 
x Dimensional length (m) 
𝑥𝑓 Dimensional flame sheet position (m) 
𝑋𝑓 Non-dimensional flame sheet position 
𝑥𝑚𝑒𝑙𝑡 Onset position of melting in dimensional form (m) 
𝑋𝑚𝑒𝑙𝑡 Onset position of melting in non-dimensional form  
𝑌𝑚 Mass fraction of particle oxide in liquid phase 
𝑌𝑂 Mass fraction of the oxidizer 
𝑌𝑆 Mass fraction of the particle 
𝑌𝑆−∞ Mass fraction of the particle at the distance −∞ 
𝑦𝑚 Dimensionless form of the mass fraction of particle oxide in liquid phase 
𝑦𝑂 Dimensionless form of the mass fraction of oxidizer 
𝑦𝑆 Dimensionless form of the mass fraction of particle 
Greek Symbols 
𝜔𝑚𝑒𝑙𝑡 Melting rate of particle oxide (
kg
m.s2
) 
?̃?𝑚𝑒𝑙𝑡 Dimensionless form of melting 
𝜔𝑆 Reaction rate (
kg
m.s2
) 
?̃?𝑆 Dimensionless form of the reaction rate 
𝜏𝑚𝑒𝑙𝑡 Constant characteristic time of melting 
λ Thermal conductivity (
kJ
m.s.K
) 
𝜌 Density of the mixture (
kg
m3
) 
𝜌𝑎 Density of gas (
kg
m3
) 
𝜌𝑝 Density of particle (
kg
m3
) 
𝜃 Dimensionless form of the temperature 
𝜃𝑓  Dimensionless form of flame temperature 
𝜃𝑚𝑒𝑙𝑡 Dimensionless form of melting temperature 
𝑣𝑂 Oxidizer stoichiometric coefficient 
𝑣𝑝 Product stoichiometric coefficient 
𝑣𝑆 Fuel stoichiometric coefficient 
Subscripts 
a Gas 
f Flame 
melt Melting 
P Product 
S Particle 
V Velocity 
∞ Ambient condition  
 
1. Introduction 
Some particles with magnetism have found wide applications in various areas, especially 
bioengineering and medicine, e.g., cell separation, detection and treatment of diseases [1-5]. The 
particles oxide exhibits many unique characteristics, such as small settling velocity, high stability, 
biocompatibility, nontoxicity and high surface efficiency to attach ligands [2,6,7]. Efficient 
preparation of particle oxide is the basement of its subsequent practical applications. In general, 
the particle oxide can be synthesized by different ways, such as combustion, chemical co-
precipitation, emulsion, pyrolysis, sol-gel, fluid injection, vaporization, and hydrothermal [8,9]. 
Among these methods, preparation using flames has been dominant, where the particles react with 
air or pure oxygen during the burning/flaming process [10-13]. Particle oxide production through 
flame can overall be divided into premixed and non-premixed modes, where whether the particles 
and oxygen agents are premixed is the key difference [14]. These two types of flame-based 
operation have both been widely employed in particle oxide preparation in laboratory and industry 
for biomedical applications. Different numerical solutions have been proposed to investigate 
complex heat transfer and fluid dynamics engineering problems [15-19]. 
Up to now, a sheer volume of experimental studies have been devoted to analyze and test different 
techniques for production of different particle oxides for biomedical applications. Daoush [20] 
employed co-precipitation method to form particle oxide for biomedical use in presence of 
ethylenediaminetetraacetic acid and sodium hydroxide as a precipitating agent considering size 
and shape of particle. Mata-Pérez et al. [21] invented a simple three-step technique for producing 
stable and uniform particle oxide at low temperatures by means of x-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), and vibrating 
sample magnetometry (VSM). Andrade et al. [22] used a direct reduction-precipitation method to 
form size-controlled particle oxide and examine the impacts of aging time and temperature on the 
size and monodispersion features of the synthesized oxide. Setyawan and Widiyastuti [23] applied 
an electrochemical technique by passing an electric current through an anode and a cathode in an 
electrolyte solution to form a particle oxide. Dresco et al. [24] proposed a two-step microemulsion 
process and a seed precipitation polymerization for creating particle oxide with different diameters. 
Koushika et al. [25] used a thermal plasma approach to produce particle oxide powder considering 
phase and chemical composition of particles. Rashid et al. [26] used an in-situ precipitation 
strategy to create particle oxide aplying X-ray diffraction, energy-dispersive X-ray spectroscopy 
and Raman spectroscopy. Silva et al. [27] introduced a precipitation/photoreduction coupled 
process to form particle oxide for alleviating environmental concerns occurring in coal mines. Lei 
and Girshick [28] employed a DC thermal plasma approach to synthesize particle oxide by means 
of aerosol sampling probe connected with a scanning mobility particle sizer for determining the 
particle size distribution. Owens et al. [29] proposed several sol-gel approaches for synthesizing 
particle oxide for use in biomedical industry. From these numerical and experimental activities 
proposed for production of particle oxides for biomedical applications, it can be clearly seen that 
investigation of thermo-chemical techniques have hardly been touched. 
To this end, a fundamental but in-depth understanding of the underlined mechanisms for 
preparation of particle oxide under non-premixed mode is of vital importance. However, from the 
foregoing comprehensive literature review and to the best of our knowledge, few studies have been 
reported on synthesizing particle oxide under non-premixed conditions. Though there are several 
reports on numerical simulations of non-premixed combustion of other materials such as biomass 
[30] and coal [31], analytical study on particles and their oxides used in biomedical industry seems 
unavailable. 
The main objective of this article is to use a simplified numerical model to investigate thermo-
chemical technique for producing of a particle oxide for use in biomedical industry. The major 
stages considered for chemical processing the particles include preheating, reaction, melting, and 
oxidation processes. Mass and energy conservation equations of each stage in dimensional and 
non-dimensional forms were formulated and solved through Matlab®. To reveal the locations of 
flame and melting fronts, appropriate boundary and jump conditions were proposed. The 
numerical simulation was first validated by experimental data. Then, characteristics in this course, 
including temperature and front location of flame, mass fractions of the particle, particle oxide and 
oxidizer are presented. Finally, the effects of Lewis number and initial temperature of the particles 
are discussed. 
2. System description 
In this study, it is assumed that oxidizer and particles suspended in an inert gas are injected 
into the chamber from two distinct nozzles located at +∞ and −∞, respectively. Mixture of the 
fuel and oxidizer is ignited by an electric spark. Several processes including preheating, oxidation, 
and melting are considered in this study. The model for combustion of single particle is illustrated 
in Fig. 1. Regarding the figure, after preheating process, when a single particle meets the oxidizer, 
oxidizer molecules are slowly adsorbed on the surface of the particle. Oxidizer molecules are 
physically dissociated and chemically adsorbed on the oxide surface. Reaction occurs at the 
particle-oxide interface in a very thin zone. It is notable that the reaction zone propagates towards 
the core of the particle and molten particle oxide is produced outside the reaction zone, as can be 
seen in Fig. 1.  
 
Fig. 1 Oxidation process of a single particle. 
 
Structure of the counter-flow non-premixed flame formed by micron-sized particles is 
shown in Fig. 2. As can be seen in this figure, the combustion system consists of several zones 
including preheating, reaction, melting, and oxidizer zones. In the preheating zone, in absence of 
oxidizer, particles are heated and their temperature increases gradually. As the particles collide 
with the oxidizer stream and gain required activation energy, the particles asymptotically combust 
and reaction occurs, leading to the formation of particle oxide. Afterwards, all of the particle oxide 
are asymptotically melted. Eventually, molten particle oxide are converted into solid phase by 
rejecting heat to the oxidizer stream, and exit the system. Momentum of the particles (accompanied 
by an inert gas) and oxidizer stream are presumed to be constant. Therefore, a stagnation line, as 
shown in Fig. 2, is located in the middle of the distance between particle and oxidizer nozzles. In 
this study, positions of flame and melting fronts are measured relative to the location of stagnation 
line.  
 
Fig. 2 Structure of the counter-flow non-premixed combustion of the particles. 
 
3. Theoretical modeling 
3.1. Mathematical modeling of the reaction and melting processes 
Reaction process occurs within a very thin zone as the value of Zeldovich number is considered 
to be very large. The one-stage Arrhenius model is used to describe the reaction process as [32] 
𝑣𝐹[𝐹] + 𝑣𝑂[𝑂] → 𝑣𝑝𝑟𝑜𝑑𝑢𝑐𝑡[𝑃] (1) 
where [𝐹], [𝑂], and [𝑃] represent fuel, oxidizer, and products, respectively. Also, 𝜐𝐹, 𝜐𝑂 and 𝜐𝑃 
are stoichiometric coefficients of fuel, oxidizer and products, respectively. Rate of reaction is 
formulated as [32] 
𝜔𝑆 = 𝐵𝜌
2𝜐𝐹 𝜐𝑂𝑌?̅?𝑌𝑂̅̅ ̅𝑒𝑥𝑝 (−
𝐸𝑎
𝑅𝑇𝑓
) 
(2) 
where 𝑌𝑆, 𝑌𝑂, 𝜌, 𝐵, 𝐸𝑎, 𝑅, and 𝑇𝑓 are mass fraction of particles, mass fraction of oxidizer, density 
of mixture, frequency factor, activation energy, universal gases constant (𝑅=8.314 
𝐽
𝑚𝑜𝑙 𝐾
), and 
flame temperature, respectively. The following equations are used to calculate 𝑌?̅?  and  𝑌𝑂̅̅ ̅  , 
respectively [32] 
𝑌?̅? = 𝑌𝑆
𝑚
𝑣𝐹𝑚𝐹
 (3) 
𝑌𝑂̅̅ ̅ = 𝑌𝑂
𝑚
𝑣𝑂𝑚𝑂
 (4) 
where 𝑌𝑆 , 𝑌𝑂 , 𝑚 , 𝑚𝐹 , and 𝑚𝑂  are mass fraction of fuel, mass fraction of oxidizer, molecular 
weight of mixture, particle and oxidizer molecular weights, respectively. 
In general, melting process of particle oxide occurs rapidly. In order to model the 
asymptotic melting process, Heaviside step function is used 
𝜔𝑚𝑒𝑙𝑡 =
𝑌𝑠
𝜏𝑚𝑒𝑙𝑡
𝐻(𝑇 − 𝑇𝑚𝑒𝑙𝑡) 
(5) 
where 𝜏𝑚𝑒𝑙𝑡, 𝑇𝑚𝑒𝑙𝑡, 𝑇, and 𝐻 represent characteristic time of melting, melting temperature of the 
particles, temperature, and Heaviside step function, respectively. The Heaviside step function is 
defined as 
𝐻(𝑇 − 𝑇𝑚𝑒𝑙𝑡) = {
0     𝑇 < 𝑇𝑚𝑒𝑙𝑡
1     𝑇 ≥ 𝑇𝑚𝑒𝑙𝑡
 (6) 
Velocity field in 𝑥 direction for the system is presented as [32] 
𝑢 = −𝑎𝑥 (7) 
where 𝑎 represents the flow strain rate. 
Specific heat capacity and density of the mixture are formulated as [32] 
𝐶 = 𝐶𝑎 +
4𝜋𝑟𝑝
3𝑛𝑝𝜌𝑝𝐶𝑝
3𝜌𝑎
 
(8) 
𝜌 = 𝜌𝑎 +
4
3
𝜋𝑟𝑝
3𝑛𝑝𝜌𝑝 
(9) 
where  𝐶𝑎 , 𝜌𝑎 , 𝐶𝑝 , 𝜌𝑝 , 𝑟𝑝 , and 𝑛𝑝  represent heat capacity of oxidizing gas, gas density, heat 
capacity of particles, density of particles, radius of particles, and average number density of 
particles, respectively. 
3.2. Governing equations 
In order to detect distributions of temperature and mass fraction of the fuel and oxidizer in the 
considered zones, mass and energy conservation equations are derived. General forms of the 
governing equations are presented below. 
Energy conservation equation is 
−𝑎𝑥 (
𝑑𝑇
𝑑𝑥
) = 𝐷𝑇 (
𝑑2𝑇
𝑑𝑥2
) + 𝜔𝑆
𝒬
𝜌𝑐
+ 𝜔𝑚𝑒𝑙𝑡
𝒬𝑚𝑒𝑙𝑡
𝑐
 
(10) 
where 𝐷𝑇 , 𝜔𝑆 , 𝜔𝑚𝑒𝑙𝑡 , 𝒬 , and 𝒬𝑚𝑒𝑙𝑡  represent thermal diffusion coefficient, rate of reaction, 
melting rate of particle oxide, heat of reaction, and latent heat of melting, respectively. 
Mass conservation equation for particles is 
−𝑎𝑥 (
𝑑𝑌𝑆
𝑑𝑥
) =
𝜔𝑆
𝜌
     
(11) 
Mass conservation equation for molten particle oxide is 
−𝑎𝑥 (
𝑑𝑌𝑚
𝑑𝑥
) = 𝐷𝑚 (
𝑑2𝑌𝑚
𝑑𝑥2
) +
𝜔𝑚𝑒𝑙𝑡
𝜌
 
(12) 
where 𝐷𝑚 represents the diffusion coefficient of molten particle oxide. 
Mass conservation equation for the oxidizer is 
𝑎𝑥 (
𝑑𝑌𝑂
𝑑𝑥
) = 𝐷𝑂 (
𝑑2𝑌𝑂
𝑑𝑥2
) −
𝜔𝑆
𝜌
 
(13) 
where 𝐷𝑂 represents the thermal diffusion coefficient of oxidizer.  
In order to consider the impact of Lewis number, an effective dimensionless parameter, on 
the flame characteristics, the governing equations are normalized by the following dimensionless 
variables [32] 
𝑋 =
𝑥
√
𝜆
𝜌𝑐𝑎
, 𝜃 =
𝑐(𝑇 − 𝑇∞)
𝒬𝑌𝑆−∞
𝑦𝑆 =
𝑌𝑆
𝑌𝑆−∞
 , 𝑦𝑂 =
𝑌𝑂
𝜗𝑌𝑆−∞
 , 𝑦𝑚 =
𝑌𝑚
𝑌𝑆−∞
 , 𝓆𝑚𝑒𝑙𝑡
=
𝒬𝑚𝑒𝑙𝑡
𝒬
 , ?̃?𝑚𝑒𝑙𝑡 =
𝑦𝑆
𝑎𝜏𝑚𝑒𝑙𝑡
𝐻(𝑇 − 𝑇𝑚𝑒𝑙𝑡) , ?̃?𝑆
=
𝑘0𝜗𝑂𝑌𝑆 −∞
𝒲𝐹𝑎
𝑦𝑠𝑦𝑜𝑒𝑥𝑝 (−
𝑇𝑎
𝑇𝑓
) 
(14) 
where  𝜃, 𝑦𝑆, 𝑦𝑂, 𝑦𝑚, 𝓆𝑚𝑒𝑙𝑡, ?̃?𝑚𝑒𝑙𝑡, and ?̃?𝑆 are non-dimensional forms of temperature, particles 
mass fraction, oxidizer mass fraction, mass fraction of molten particle oxide, heat of melting, rate 
of melting, and rate of reaction, respectively. Also, 𝑌𝑆−∞ represents the initial mass fraction of the 
particles at 𝑋 = −∞. Following correlation is used to define the Lewis number [32] 
𝐿𝑒 =
𝛼
𝐷
 (15) 
where 𝛼  and 𝐷  represent the thermal diffusivity and mass diffusivity of fuel or oxidizer, 
respectively. 
By applying the aforementioned dimensionless variables into the governing equations, 
normalized forms of the equations are rewritten as follows. 
Normalized energy conservation equation is 
𝑑2𝜃
𝑑𝑋2
+ 𝑋
𝑑𝜃
𝑑𝑋
+ [
yS
𝑎
H(T − Tmelt)
τmelt
] = 𝒟𝑐𝑦𝑆𝑦𝑂𝑒𝑥𝑝 (−
𝑇𝑎
𝑇
)  
(16) 
Normalized mass conservation equation for the particles is 
𝑋
𝑑𝑦𝑆
𝑑𝑋
= 𝒟𝑐𝑦𝑆𝑦𝑂𝑒𝑥𝑝 (−
𝑇𝑎
𝑇
) 
(17) 
Normalized mass conservation equation for particle oxide in liquid phase is 
1
𝐿𝑒
𝑑2𝑦𝑚
𝑑𝑋2
+ 𝑋
𝑑𝑦𝑚
𝑑𝑋
=
𝑦𝑆
𝑎
𝐻(𝑇 − 𝑇𝑚𝑒𝑙𝑡)
𝜏𝑚𝑒𝑙𝑡
  
(18) 
Normalized mass conservation equation for the oxidizer is 
1
𝐿𝑒
𝑑2𝑦
𝑂
𝑑𝑋2
+ 𝑋
𝑑𝑦
𝑂
𝑑𝑋
= 𝒟𝑐𝑦𝑆𝑦𝑂𝑒𝑥𝑝 (−
𝑇𝑎
𝑇
)    
(19) 
3.3 Boundary and continuity conditions 
Regarding Fig. 2, the following division is considered for the structure of the counter-flow 
non-premixed flame: 
Preheating zone (ℛ1): −∞ < 𝑋 ≤ 𝑋𝑓
− 
Reaction zone (ℛ2): 𝑋𝑓
− ≤ 𝑋 ≤ 𝑋𝑓
+ 
Melting zone (ℛ3): 𝑋𝑓
+ < 𝑋 ≤ 𝑋𝑚𝑒𝑙𝑡 
Oxidizer zone (ℛ4): 𝑋𝑚𝑒𝑙𝑡 < 𝑋 < +∞ 
Considering the above division for the flame structure, appropriate boundary conditions are 
presented in Table 1. 
Table 1 Boundary conditions of the combustion system. 
𝑿 = ∞ 𝑿 = 𝑿𝒎𝒆𝒍𝒕 𝑿 = 𝑿𝒇
+ 𝑿 = 𝑿𝒇
− 𝑿 = −∞ Parameter 
𝟎 𝜃𝑚𝑒𝑙𝑡 𝜃𝑓 𝜃𝑝 0 𝜃 
𝟎 0 0 0 1 𝑦𝑆 
𝟎 1 0 0 0 𝑦𝑚 
𝜶 𝑦𝑂.𝑚𝑒𝑙𝑡 𝑦𝑂.𝑓 0 0 𝑦𝑂 
 
where 𝜃𝑝 is ignition temperature of the particles. In order to enforce the continuity, calculate the 
locations of flame and melting fronts, and obtain the values of  𝑦𝑂.𝑓 and 𝑦𝑂.𝑚𝑒𝑙𝑡, proper jump 
conditions at 𝑋 = 𝑋𝑓 and 𝑋 = 𝑋𝑚𝑒𝑙𝑡 are written as 
@ 𝑋 = 𝑋𝑓  ⟹
{
 
 
 
 (
1
𝐿𝑒
)
𝑑𝑦𝑂
𝑑𝑋
|
𝑋𝑓
−
𝑋𝑓
+
= −
𝑑𝜃
𝑑𝑋
|
𝑋𝑓
−
𝑋𝑓
+
(
1
𝐿𝑒
)
𝑑𝑦𝑚
𝑑𝑋
|
𝑋𝑓
−
𝑋𝑓
+
= −
𝑑𝜃
𝑑𝑋
|
𝑋𝑓
−
𝑋𝑓
+    
(20) 
@ 𝑋 = 𝑋𝑚𝑒𝑙𝑡  ⟹
{
 
 
 
 𝑑𝜃
𝑑𝑋
|
𝑋𝑚𝑒𝑙𝑡
−
𝑋𝑚𝑒𝑙𝑡
+
= −
𝑦𝑆
𝑎𝜏𝑚𝑒𝑙𝑡
𝐻(𝑇 − 𝑇𝑚𝑒𝑙𝑡)𝑋𝑚𝑒𝑙𝑡
(
1
𝐿𝑒
)
𝑑𝑦𝑚
𝑑𝑋
|
𝑋𝑚𝑒𝑙𝑡
−
𝑋𝑚𝑒𝑙𝑡
+
=
𝑦𝑆
𝑎𝜏𝑚𝑒𝑙𝑡
𝐻(𝑇 − 𝑇𝑚𝑒𝑙𝑡)𝑋𝑚𝑒𝑙𝑡
 
(21) 
3.4. Solution of the governing equations 
Using the proposed boundary conditions, normalized governing equations are solved through 
Matlab®. Solution of the normalized energy and mass conservation equations in each of the 
considered zones are presented in the following. 
• Zone (ℛ1): −∞ ≤ 𝑋 < 𝑋𝑓
− 
Temperature distribution: 
𝜃 =
𝜃𝑝
[1 + 𝑒𝑟𝑓 (
√2
2 𝑋𝑓
−)]
[1 + 𝑒𝑟𝑓 (
√2
2
𝑋)] 
(22) 
Mass fraction of oxidizer: 
yO = 0   (23) 
Mass fraction of particles: 
𝑦𝑆 = 1 (24) 
Mass fraction of particle oxide in liquid phase: 
𝑦𝑚 = 0 (25) 
 
• Zone (ℛ3): 𝑋𝑓
+  < 𝑋 ≤ 𝑋𝑚𝑒𝑙𝑡 
Temperature distribution: 
𝜃 =
𝜃𝑚𝑒𝑙𝑡
[1 − 𝑒𝑟𝑓 (
√2
2
𝑋𝑚𝑒𝑙𝑡)]
[1 − 𝑒𝑟𝑓 (
√2
2
𝑋)] 
(26) 
Mass fraction of oxidizer: 
𝑦𝑂 =
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(27) 
Mass fraction of particles: 
𝑦𝑆 = 0 (28) 
Mass fraction of particle oxide in liquid phase: 
𝑦𝑚 =
𝑦𝑚.𝑚𝑒𝑙𝑡 (𝑒𝑟𝑓 (
√2𝐿𝑒
2 𝑋) − 𝑒𝑟𝑓 (
√2𝐿𝑒
2 𝑋𝑓)) 
𝑒𝑟𝑓 (
√2 𝐿𝑒
2
𝑋𝑚𝑒𝑙𝑡) − 𝑒𝑟𝑓 (
√2𝐿𝑒
2
𝑋𝑓)
 
(29) 
 
• Zone (ℛ4): 𝑋𝑚𝑒𝑙𝑡  ≤ 𝑋 ≤ +∞ 
Temperature distribution: 
𝜃 =
𝜃𝑚𝑒𝑙𝑡
[1 − 𝑒𝑟𝑓 (
√2
2 𝑋𝑚𝑒𝑙𝑡)]
[1 − 𝑒𝑟𝑓 (
√2
2
𝑋)] 
(30) 
Mass fraction of oxidizer: 
yO =
𝑒𝑟𝑓 (
𝑋𝑚𝑒𝑙𝑡
√2
)𝛼 + 𝑒𝑟𝑓 (
𝑋
√2
) 𝑦𝑂,𝑚𝑒𝑙𝑡 − 𝑒𝑟𝑓 (
𝑋
√2
)𝛼 − 𝑦𝑂,𝑚𝑒𝑙𝑡
−1+ 𝑒𝑟𝑓 (
𝑋𝑚𝑒𝑙𝑡
√2
)
 
(31) 
Mass fraction of particles: 
𝑦𝑆 = 0 (32) 
Mass fraction of particle oxide in liquid phase: 
𝑦𝑚 =
𝑦𝑚.𝑚𝑒𝑙𝑡(𝑒𝑟𝑓 (
√2
2 𝑋) − 1)
𝑒𝑟𝑓 (
√2
2 𝑋𝑚𝑒𝑙𝑡) − 1
 
(32) 
4. Results and discussion 
Chemical reaction of the considered particles with air leading to production of particle oxide 
is modelled as follows:  
φ+ (O2 + 3.76N2)
              
→    
1
2
φO + 3.76N2 
 
(32) 
Table 2 lists the properties of particles and oxidizer used for prediction of the behavior of the 
counter-flow non-premixed flame. 
Table 2 Input parameters considered for analysis of the system. 
Parameter Parameter defining Value Unit 
𝝆𝒑 Density of Particle  7470 kg/m
3 
𝝆𝒂 Density of gas 1.13 × 10
−3 g/cm3 
𝑪𝒑 Specific heat capacity of particles 654 J/kg-K 
𝑪𝒂 Specific heat capacity of gas 1.004 kJ/kg-K 
λ Thermal conductivity 32.1 W/m.K 
𝑸𝒎𝒆𝒍𝒕 Latent heat of melting 14.9 kJ/mol 
Q Heat of reaction 6540 kJ/kg 
𝑻∞ Ambient temperature 300 K 
𝑻𝒊𝒈 Ignition temperature 900 K 
𝒂 Strain rate 25 cm/s 
𝝑 Stoichiometric coefficient 2 − 
𝑫𝑶 Diffusion coefficient of oxidizer 8 × 10
−10 m2/s 
𝑫𝑭 Diffusion coefficient of particle  3 × 10
−52 m2/s 
𝑫𝒎 Diffusion coefficient of particle oxide  4.2 × 10
−7 m2/s 
4.1. Experimental validation 
Fig. 3 shows the temperature profile of the system as a function of position (𝑋) when radius of 
the particles is 3 𝜇𝑚. From left to right, as can be observed from Fig. 3, initial value of temperature 
of particles is found to be zero since their temperature is equal to the ambient temperature. As the 
particles move toward the flame front, their temperature increases gradually in the preheating zone. 
Subsequently, in the reaction zone, due to combustion of fuel and oxidizer, a dramatic increment 
is observed in temperature. It should be pointed out that particle oxide is the main by-product 
provided by the reaction of the particles and the oxidizer. Afterwards, temperature of particle oxide 
increases and asymptotic melting process occurs. Eventually, particle oxide in liquid phase is 
converted into solid phase by rejecting heat to the oxidizer stream and final temperature of the 
oxide will be equal to the ambient temperature. For validation purposes, simulation results of this 
study for temperature are compared to those obtained by Sun et al. [33]. In their experimental 
study, suspended particles are ignited in air in a non-premixed system. As can be observed in this 
figure, temperature distributions are appropriately compatible with each other under the same 
condition. Based on the comparison, maximum temperature of the system obtain in the current 
analysis is yielded at the melting front and found to be 1420 K while maximum temperature of the 
system reported by Sun et al. [33] is equal to about 1400 K. The discrepancy is probably due to 
the structure and simplification assumptions considered for the combustion of particles in this 
study. 
 
Fig. 3 Temperature distribution of the counter-flow non-premixed combustion system as a function of position. 
 
4.2.Flame front and melting front positions 
Fig. 4 delineates the flame front position as a function of Lewis number for different values of 
particle diameters. In order to find the locations of flame and melting fronts, a set of coupled 
equations are solved by Matlab® software using the jump conditions. With respect to Fig. 4, flame 
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front shifts toward the oxidizer nozzle with an increment in the value of Lewis number. The reason 
for this increase is that by increasing the value of Lewis number, mass diffusion of particles into 
the reaction zone reduces, as can readily be declared by the definition of Lewis number (Eq. 13). 
Decrement of the mass diffusion of fuel leads to a reduction in the amount of available fuel for the 
reaction process. Accordingly, flame temperature decreases and location of the flame front would 
be closer to the oxidizer nozzle. It can also be implied from Fig. 4 that an increase in diameter of 
the particles from 20 to 60 𝜇𝑚 causes a shift in flame front position toward the oxidizer zone. 
  
Fig. 4 Flame front position as a function of Lewis number for different diameters of the particles. 
 
Up to now, temperature of the particles injected by the fuel nozzle has been considered to be 300 
K. Figs. 5(a) and 5(b) plot the impacts of initial temperature of the particles on the positions of the 
flame and melting fronts for different diameters of particle, respectively. As indicated in these 
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figures, with an increment in the initial temperature of the particles, flame and melting fronts move 
toward the fuel nozzle. When the initial temperature of the particles rises, amount of heat required 
for reaction of the fuel and oxidizer declines. Thus, the greater the initial temperature is, the lower 
the values of 𝑋𝑓 and 𝑋𝑚𝑒𝑙𝑡 are, which declares that reaction and melting processes occur more 
rapidly and closer to the fuel nozzle. For the investigated range of initial temperature from 275 to 
315 K, the values of 𝑋𝑓 and 𝑋𝑚𝑒𝑙𝑡 change between about −1.801 to −1.81 𝑚𝑚 and −1.03 to −1.48 
𝑚𝑚, respectively. According to these figures, as the size of particles increases, the amount of 
accessible fuel for reaction enhances resulting in decrements in values of 𝑋𝑓 and 𝑋𝑚𝑒𝑙𝑡. 
 
Fig. 5(a) The effect of initial temperature of the particles on the position of flame front. 
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Fig. 5(b) The effect of initial temperature of the particles on position of melting front. 
 
4.3. Mass fractions of particles, particle oxide and oxidizer 
Mass fractions of the particles and molten particle oxide as a function of position are presented 
in Figs. 6(a) and 6(b). According to Fig. 6(a), particles are constantly heated in solid phase in the 
preheating zone. Then, the particles react with the oxidizer and production of particle oxide in 
liquid phase is started. Hence, mass fraction of the fuel particles strictly descends in the reaction 
zone. Figure 6(b) indicates the mass fraction of particle oxide in liquid phase at the melting front. 
As can be observed in Fig. 6(b), liquid particle oxide (peak of the mass fraction of molten particle 
oxide occurs at the melting front) is transformed into solid phase after the melting front by rejecting 
heat to the oxidizer flow. In this regard, mass fraction of molten particle oxide is found to be zero 
after the melting front. 
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Fig. 6(a) Mass fraction of fuel in solid phase as a function of position. 
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Fig. 6(b) Mass fraction of particle oxide in liquid phase as a function of position. 
 
Figure 7(a) and 7(b) present the mass fraction of oxidizer as a function of position after the 
flame front for several Lewis numbers. It is notable that there is no oxidizer in the preheating zone 
(prior to the flame front). According to Fig. 7(a), by marching from the melting front to the flame 
front (oxidizer stream initially moves from left- to right-hand side through the system), mass 
fraction of oxidizer declines until zero. The reason for this decrement is that oxidizer is completely 
consumed in the reaction zone for formation of the flame. From left to right, with regard to Fig. 
7(b), it can be seen that as oxidizer is consumed for production of particle oxide at the flame front, 
its mass fraction decreases until zero. It can also be concluded from Figs. 7(a) and 7(b) that Lewis 
number has insignificant effect on the mass fraction of oxidizer in the counter-flow non-premixed 
system. 
 
Fig. 7(a) Mass fraction of oxidizer as a function of position for the distance between flame and melting fronts. 
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Fig. 7(b) Mass fraction of oxidizer as a function of position for the distance between melting front and oxidizer 
nozzle. 
 
5. Conclusion 
This study presents a counter-flow non-remixed thermo-chemical model for producing a 
particle oxide used in biomedical applications. Preheating, reaction, melting, and oxidation zones 
were analyzed using the asymptotic concept. Mass and energy conservation equations in 
dimensional and non-dimensional forms were derived for the system. To preserve the continuity 
in the system and calculate the positions of melting and flame fronts, appropriate jump conditions 
were proposed. According to the results, an increment in diameter of the particles would shift the 
flame front position toward the oxidizer nozzle. Moreover, with an enhancement in the initial 
temperature of the particles, flame and melting fronts moved toward the fuel nozzle. The effect of 
Lewis number on the mass fraction of oxidizer was insignificant in the counter-flow non-premixed 
system. In addition, mass fractions of the particles and molten particle oxide was slightly affected 
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by the size of the particles. Flame temperature and maximum temperature of the system were found 
to be 1310 and 1420 K, respectively. Positions of flame and melting fronts were equal to -1.8 and 
-1.78 𝑚𝑚, respectively. When the initial temperature of the particles increased from 275 to 315 
K, the values of 𝑋𝑓  and 𝑋𝑚𝑒𝑙𝑡  changed between −1.801 to −1.81 and −1.03 to −1.48 𝑚𝑚 , 
respectively. 
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